Bovine blood inoculated and incubated with bacteria was tested to determine if secondary screwworm, Cochliomyia macellaria (F.), would be attracted to the incubated substrate for oviposition. Five species of bacteria, Klebsiella oxytoca (Flugge), Proteus mirabilis Hauser, Proteus vulgaris Hauser, Providencia rettgeri Hadley, Elkins and Caldwell, and Providencia stuartii Ewing, previously isolated from animal wounds infested by primary screwworms, Cochliomyia hominivorax (Coquerel), were used. Incubated substrates were tested in a twochoice cage bioassay to study landing response and oviposition by gravid C. macellaria. Significantly more flies landed on substrates containing P. mirabilis than on substrates with other species of bacteria. Klebsiella oxytoca-treated substrates attracted the least flies. Substrates containing bacteria incubated for 72 h attracted significantly more flies than those incubated for 24-, 48-, or 96-h period. In 3-h duration oviposition tests, substrates with P. rettgeri attracted significantly more flies to oviposit than the other four species. The most eggs were recorded when substrates treated with all five species of bacteria were offered for oviposition. It is likely that multiple active chemicals present in the volatiles from substrates treated with all five species result in greater response than those in a single species. At least 72-h incubation seems to be necessary to obtain the most active volatile chemicals. Results suggest that C. macellaria uses similar chemical cues as C. hominivorax from bacteria volatiles as oviposition attractant/stimulant.
The importance of microbe-insect association for various physiological functions of insects such as host-seeking for feeding and oviposition has been extensively studied and has been reviewed by Davis et al. (2013) . For example, Ponnusamy et al. (2008 Ponnusamy et al. ( , 2010 reported bacteria-associated chemical cues that mediated oviposition site preferences by mosquito, Aedes aegypti L. Gravid Aedes albopictus Skuse oviposited more frequently in water that was inoculated with Psychrobacter immobilis Juni and Heym, Sphingobacterium multivorum Bergey, or an unidentified Bacillus species (Trexeler et al. 2003) . Volatiles produced by the bacteria Enterobacter agglomerans Ewing and Fife increase oviposition rates of the apple maggot fly, Rhagoletis pomonella (Walsh), on fruit (Lauzon et al. 1998) . Bacteria also mediate oviposition of stable fly, Stomoxys calcitrans (L.) (Romero et al. 2006) , and the black soldier fly, Hermetia illucens (L.) (Zheng et al. 2013 ). Emmens and Murray (1983) demonstrated that sheep fleeces (wool) inoculated with Pseudomonas aeruginosa (Schroter) were more attractive oviposition sites, with increased egg-laying by Australian sheep blow flies, Lucilia cuprina L. The study of the bacterial association with primary screwworm, Cochliomyia hominivorax (Coquerel), dates back to the early 70s, when DeVaney et al. (1973) reported results of laboratory studies showing attractancy of primary screwworm flies to bovine blood inoculated with Proteus mirabilis Hauser, Proteus vulgaris Hauser, and Bacillus cereus mycoides (Flugge) . Later, Eddy et al. (1975) reported that the bacteria species Proteus rettgeri Rettger (Providencia rettgeri Hadley, Elkins and Caldwell) was most effective in attracting adult flies compared with other Proteus species or Bacillus species tested. Hammack et al. (1987) reported that a steam distillate of culture media inoculated with P. rettgeri isolated from a C. hominivorax larva attracted gravid C. hominivorax flies. Tests conducted in our laboratory demonstrated that bovine blood inoculated with bacteria that were isolated from naturally occurring C. hominivorax larvae-infested wounds and incubated at 37 C for varying times attracted gravid C. hominivorax flies to oviposit (Chaudhury et al. 2002 (Chaudhury et al. , 2010 .
The role of the bacterial population in influencing oviposition behavior of secondary screwworm, Cochliomyia macellaria (F.), has not been investigated, although four species of bacteria were isolated from the larvae to evaluate their significance in larval development (Ahmed et al. 2006) . Where both are endemic, C. macellaria adults outnumber C. hominivorax adults in rotted liver-baited traps as well as traps baited with swormlure, an attractant developed for C. hominivorax adults (Lindquist 1938 , Jones et al. 1976 , Mackley 1986 ). Decaying animal remains, such beef and chicken liver, are attractive to C. macellaria gravid females, resulting in oviposition on such substrates (Byrd 1998, M.F.C. unpublished) . Recently, Zhu et al. (2013) reported that gravid C. macellaria laid significantly more eggs on rotted livers than on fresh livers, and that the rotten chicken liver was more attractive than the rotten beef liver. Broce (1985) reported that C. macellaria feed on necrotic tissues around wounds, but they also may feed on healthy tissues of animals; larvae of C. hominivorax feed as obligate parasites on living tissue of animals. Gravid female C. hominivorax are particularly attracted to animal wounds where they oviposit (Bushland 1960) ; animal wounds appear to release attractive odors that act as hostfinding cues.
The purpose of the present study was to investigate the role of bacteria in the oviposition process of C. macellaria. Our objective was to characterize the responses of C. macellaria to a simulated wound prepared from bovine blood inoculated with five species of bacteria that were previously isolated from animal wounds infested with C. hominivorax (Chaudhury et al. 2002) . These results could be compared with similar earlier assays involving C. hominivorax to determine the practicality of using C. macellaria as a model insect for investigating bacteria-originated oviposition attractants of C. hominivorax, where we could use this species in place of C. hominivorax for bioassays and electrophysiological studies in our laboratory where C. hominivorax could not be reared owing to lack of a proper biosecure facility. Once identified and formulated, an oviposition attractant will be useful as a trap bait to selectively capture gravid flies for sampling and control purposes in the field as well as enhancing and synchronizing egg production in mass rearing of primary screwworms.
Materials and Methods

Insects
All tests were conducted using flies that originated from the colony of C. macellaria maintained in the USDA-ARS laboratory, Lincoln, NE. The colony was maintained initially using beef and chicken liver as larval diet and later changed to an artificial diet . Adults were maintained at 26 6 1 C, 50 6 5% RH, and a photoperiod of 12:12 (L:D) h on a dry mixture of 50:50 granulated sugar and spray-dried poultry egg.
Bacteria
The five species of bacteria used in these tests were the same that were identified from animal wounds infested with C. hominivorax larvae (Chaudhury et al. 2010 
Blood
Fresh bovine blood was collected from a local slaughter house and treated with sodium citrate (0.4 g per 100 ml) as an anticoagulant. Blood was refrigerated at 5 C until use on the following day.
Preparation of Blood-Bacteria Substrate
Samples of each species of bacteria were grown on nutrient agar in culture tubes for 24 h at 37 C. Each culture was transferred with a 3-mm-diameter tungsten inoculating loop (Carolina Biological Supplies, Burlington, NC) to 50 ml of Standard I nutrient broth (Sigma-Aldrich, St. Louis, MO) in a flask and agitated for 24 h at 37 C using a mechanical shaker. One milliliter of bacterial broth was then pipetted into 9 ml of citrated blood in a 20-ml glass vial to make 10 ml for each bacteria species. These 10 ml samples were then incubated at 37 C for 24-, 48-, 72-, and 96-h periods in separate batches and used immediately to conduct bioassays. Control samples were prepared using 9 ml of blood and 1 ml of sterile broth and were incubated and handled the same way as the blood-bacteria samples. Bioassays were also conducted using blood incubated for similar periods for all five species of bacteria combined. This was prepared by combining 1 ml of each of the bacterial broth with 5 ml of citrated blood. The 10 ml sample was then incubated at 37 C for various periods as mentioned previously. Control samples used for combined bacteria were prepared by mixing 5 ml of blood with 5 ml of sterile broth. Sterile equipment and disposable sterile plastic ware were used at all time.
Landing Response to Blood-Bacteria Substrate
Experiments were conducted using methods described for the primary screwworm by Chaudhury et al. (2002) with some modifications. Tests were conducted in wire mesh cages (30 by 30 by 30 cm) with a solid metal base. The cage was set in a room with overhead fluorescent lamps providing 600 lux at the roof of the cage. The temperature and humidity of the room were maintained at 25 6 0.5 C and 50 6 5 RH, respectively. Experiments were conducted between 1000 and 1400 hours.
Eight-day-old male and female flies, 25 each, were aspirated with a 20-cm-long and 1-cm-diameter glass tube and transferred to the cage aspirator through the front opening that was secured with a stretched cotton/polyester sleeve. Flies were allowed to acclimatize for 10 min. Meanwhile, the treated substrate was prepared by pouring 1 ml of incubated blood-bacteria mixture in a plastic petri dish (1 cm high by 8.5 cm diameter; Fig. 1 ) lined with a filter paper (Whatman No. 1, Sigma-Aldrich, St Louis, MO) trimmed to fit the circumference of the dish (Fig. 1B) ; the petri dish was then placed on top of a plastic container (4 cm high by 9 cm diameter) filled with hot water (60 C; Fig. 1C ) to increase the volatility of the substrate; the plastic container with the petri dish was then placed into a larger plastic container (8 cm high by 11 cm top diameter by 9 cm bottom diameter; Fig. 1A ) to facilitate capturing of landed flies using the container lid ( Fig. 1D ) without disturbing the substrate. The control substrate was similarly prepared, except that 1 ml of blood incubated with sterile nutrient broth was poured on to the filter paper in the petri dish instead of blood-bacteria mixture. The prepared test and control containers were then introduced into the cage and placed on the base diagonally 10 cm apart. Flies that landed and remained on the substrate in each container during the initial 15-min period were captured by placing the lid over the container. Flies were then immobilized by cooling in a freezer, and the number of males and females trapped was recorded for each container. Cages and the plastic containers were washed with hot water and cloth sleeves of the cages were replaced after each test. Each test was replicated four times for each incubation period and the mean landing response was calculated by subtracting the control from the treated numbers.
Oviposition Bioassay
These tests were conducted in cages similar to those used in the landing experiments using 25, 8-d-old gravid females per cage. Treated and control substrates were prepared as described previously for landing response tests. Both control and treated substrates were introduced in the cage, and placed on the base similarly as above. The females were given the opportunity to oviposit for 3 h under subdued light (100 lux). After 3 h, petri dishes were removed from the cage, egg batches in each dish were removed, and the amount of eggs per dish was weighed with a balance and recorded. Each oviposition test was replicated four times for each incubation period.
Dissection
Ovarian development was scored using the scheme of Adams and Reinecke (1979) . Accordingly, females with Stage 2 ovarioles possess pre-vitellogenic oocytes in terminal follicles, whereas Stage 10 ovaries exhibit terminal follicles with mature eggs that are ready to be deposited. Dissections of the alimentary tract of flies that landed or oviposited were performed to determine if they fed on blood upon landing on the substrate.
Statistics
Landing response was calculated by subtracting the number of flies responding to controls from the flies responding to treated substrates; the response differences were evaluated with analysis of variance (ANOVA) to compare each bacteria sp. with other spp. at each incubation period and compare each incubation time within individual bacteria spp. Similarly, oviposition was calculated by subtracting the amount of eggs laid in the control from the amount of eggs laid in treated substrates. Differences in egg production were evaluated with ANOVA in the same design as for landing response.
Results
Landing Response
Female flies that landed during a 15-min period were considered adequate to provide significant results. Male landing response was minimal with a range of 0-3 males and, therefore, is not reported. Results of female landing response are presented in Table 1 . In general, substrates incubated for 24-h period elicited the least response, whereas substrates incubated for 48-and 72-h periods resulted in greater response. The landing response decreased when substrates were incubated for 96 h. There were significant differences in landing on the substrates treated with K oxytoca, P. mirabilis, and P. vulgaris individually with respect to their incubation period. Substrates with these three species when incubated up to 72 h attracted significantly more females than those attracted to substrates incubated for 24, 48, or 96 h. Landing responses were not different with respect to incubation time when substrates were treated and incubated with the two species of Providencia. There were no significant differences in landing responses when bacteria spp. were compared at each incubation period, although the 72-h incubation period attracted the highest numbers of females for each species (Table 1) . The mean landing response to substrates incubated for 72 h in decreasing order was P. mirabilis < P. vulgaris < P. stuartii < P. rettgeri < K. oxytoca. A significantly higher number of flies landed in the substrates treated with all five species of bacteria and incubated for 72 h compared with substrates inoculated with a single species and incubated for the same period (F ¼ 6.54; df ¼ 5, 18; P < 0.001). Dissection of ovaries of the flies that landed on the substrates revealed mature Stage 10 follicles. Less than 5% of females that did not land had immature follicles.
Oviposition
The amount of eggs deposited by females during the 3-h period on substrates inoculated with a single bacterial species, and the five species combined, after subtracting the corresponding controls are presented in Table 2 . Eggs were deposited in substrates with all single-species as well as in those with combined-species incubated for all periods. An ANOVA of the amounts of eggs from the singlespecies-treated substrates showed significant differences across the incubation periods (Table 2 ). In particular, flies deposited significantly more eggs on substrates with P. mirabilis, P. vulgaris, and P. rettgeri that were incubated for 48 and 72 h than on those incubated for 24 and 96 h. The mean value for the amount of eggs from K. oxytoca-inoculated substrate was similar to that obtained from P. stuartii-treated substrates for all incubation periods; these were the lowest amount of eggs. The highest amount of eggs for single-species tests was recorded from P. rettgeri-treated substrates. Significantly more eggs were deposited in the substrates inoculated with all five species of bacteria (Table 2) .
Comparing the four periods, the amount of eggs deposited in substrates were different, as indicated by significant F values for single-species as well as for combined bacteria species (Table 2) . Oviposition was low on the substrates incubated for 24 h and increased significantly with the increase of incubation period to 72 h. However, there was a significant decrease in egg-laying when incubation period was increased to 96 h. Examination of the gut and ovary of a sample of 10 females immediately after the completion of each oviposition test revealed sign of bloodmeal in the foregut of the females that deposited eggs. About 20% of the females dissected across the experimental groups had signs of bloodmeal in the gut but did not oviposit. It is unknown if the bloodmeal was from the inoculated substrate or from the control.
Discussion
Our aim was to emulate naturally infested wounds that attract gravid primary screwworm flies to oviposit and to observe responses of secondary screwworm flies to these artificial wounds in the laboratory. We selected five species of bacteria that were most effective in attracting the gravid primary screwworm flies and followed the same procedures where we did not determine the concentrations of bacteria used (Chaudhury et al. 2010) . Substrates inoculated with these five selected species of bacteria elicited differential landing and oviposition responses from gravid secondary screwworm flies. The control substrates were identical in all respects to the treated substrates but without the bacteria, and elicited either no response or very low response, suggesting random attraction; however, the bacteria-inoculated substrates attracted significant numbers to land and oviposit, suggesting that the volatiles from these substrates might have played a significant role in causing attraction and oviposition in gravid C. macellaria. The number of landings and extent of oviposition varied according to the bacteria species and the length of incubation, suggesting not all species of bacteria produced the same effective volatiles at the same rate. Similar behavior has been reported earlier with gravid C. hominivorax, except that the responses of C. hominivorax females were relatively higher than those observed in the present study with C. macellaria (Chaudhury et al. 2010) . Also, substrates inoculated with P. rettgeri were most attractive to C. hominivorax (Chaudhury et al. 2010 ), whereas P. mirabilis-treated substrates were most attractive to C. macellaria (Table 1) . We have previously shown that C. macellaria females were attracted to putrefied chicken liver and isolated chemicals from liver that were also attractive to C. macellaria (Zhu et al. 2013 ). In the present study, it is probable that the composition of the resulting volatiles varied from bacteria-to-bacteria both qualitatively and quantitatively. This may be owing to the presence/absence of certain effective chemicals or amount of such chemicals available to the sensory system of the fly owing to differences in production/relative volatility of the chemical(s). The substrates prepared and tested with all five species of bacteria elicited responses that were significantly higher than any of those elicited by single-species-treated substrates, indicating a possible cumulative effect of the total volatiles produced.
The incubation period of the inoculum appears to be critical. An incubation period of 24 h did not elicit significant response for landing or oviposition. These responses were improved when the blood-bacteria media were incubated for 48 or 72 h. However, an incubation period of 96 h resulted in decreased response. These results are comparable with ones obtained from tests with C. hominivorax (Chaudhury et al. 2002 (Chaudhury et al. , 2010 . It is possible that short incubation periods such as 24 h are not sufficient to produce detectable attractive volatiles. The fresh blood may contain inhibitors that are broken down when subjected to a longer incubation period. A 96-h incubation period may have resulted in antagonistic metabolic compound(s) masking properties of chemicals that are attractive to flies. Low response could also be owing to low production of active chemicals resulting from prolonged incubation causing depletion of nutrients and thus causing high mortality of bacterial population.
Dissection showed the presence of blood in the guts of females that oviposited, indicating the bloodmeal may play a role in stimulating oviposition. A few flies depositing eggs in the control substrates suggest a bloodmeal without bacteria species was also able to stimulate oviposition. Feeding of blood by ovipositing C. hominivorax was reported by Holt et al. (1979) and Hammack (1991) . These authors suggested that chemical stimuli, other than an attractant, may be important to stimulate actual oviposition. As suggested earlier, it is possible that chemicals from volatiles originating from blood-bacteria substrate attract gravid flies to the potential oviposition substrate. Once the flies are in contact with the substrate, they are stimulated to feed, which in turn stimulates them to oviposit (Chaudhury et al. 2010 ) and may provide sufficient protein for subsequent oviposition .
Results of the present study indicate that a substrate with all five species of bacteria incubated for at least 72 h would produce the most effective volatiles to attract gravid C. macellaria to oviposit. These results will be useful in our laboratory as we attempt to isolate and identify the active compounds from bacteria volatiles using C. macellaria as the model insect for bioassay and electrophysiological studies in place of C. hominivorax. Further work may also lead to more effective traps for C. macellaria and/or attractants that are more selective between the two Cochliomyia species.
